Sphingomonas chlorophenolica RA-2 is a soil microorganism that can grow on pentachlorophenol (PCP) as a sole carbon source. In this microorganism, PCP is converted to tetrachlorohydroquinone (TCHQ), trichlorohydroquinone, and 2,6-dichlorohydroquinone. The remainder of the pathway has not yet been defined. The ability to grow on PCP as a sole carbon source is remarkable because of the toxicity of PCP and its chlorinated hydroquinone metabolites. Experiments in which the levels of PCP and chlorinated hydroquinones were measured in cells metabolizing [U-
Pentachlorophenol (PCP), a widely used wood preservative, is the only highly chlorinated aromatic compound still used in large quantities (approximately 23 million kg per year) in the United States (5, 12) . PCP is listed as a Priority Pollutant by the Environmental Protection Agency because of its toxicity and widespread distribution in the environment. PCP is found at parts-per-million levels in 80% of drinking water supplies sampled in the United States. Accumulation of PCP in the food chain, including fruits, vegetables, grains, dairy products, and meats, results in an average daily intake of PCP of approximately 16 g per person (12) .
Several microorganisms that can degrade PCP have been isolated from contaminated sites. We are studying the biodegradation of PCP by Sphingomonas chlorophenolica RA-2 (29, 30) . We have identified the initial steps in the pathway for degradation of PCP in this microorganism (Fig. 1) . PCP is converted first to protonated tetrachlorohydroquinone (TCHQ), and then to trichlorohydroquinone (TriCHQ) and 2,6-dichlorohydroquinone (DCHQ). The pathway determined thus far is identical to that reported for Flavobacterium sp. strain ATCC 39723 (42, 43) , which has now been reclassified as S. chlorophenolica (25) . Several other microorganisms (including Mycobacterium chlorophenolicus [1, 38] , Rhodococcus sp. strain CP-2 [10] , and Mycobacterium fortuitum CG-2 [11] ) also metabolize PCP through chlorinated hydroquinone intermediates.
The ability to grow on PCP as a sole source of carbon is remarkable because it requires not only the metabolic enzymes to degrade this unusual carbon source but also adaptations to counteract the toxic effects of PCP and its metabolites. The toxicity of PCP is attributed to its ability to uncouple oxidative phosphorylation (14, 22, 31, 33, 36) and to alter membrane properties (32, 34, 37) . Some soil microorganisms avoid the toxicity of PCP either by excluding it from the cell (an ability bestowed by the outer membrane of gram-negative bacteria [14, 15] ) or by converting it to a nontoxic, dead-end metabolite by methylating the hydroxyl group (9) . Neither of these strategies is available to a microorganism that must use PCP as a sole source of carbon. Thus, S. chlorophenolica RA-2 must somehow strike a balance between the toxicity of PCP and the need for carbon for cell growth.
Consideration of the pathway for PCP degradation reveals additional problems beyond the toxicity of PCP. The intermediates in the degradation pathway are chlorinated hydroquinones, which are toxic for a variety of reasons. While they would be expected to have effects similar to those of PCP on oxidative phosphorylation and membrane properties, there is an additional route for toxicity due to the facile oxidation of hydroquinones to semiquinones and benzoquinones (Fig. 2) . This process produces superoxide and possibly other reactive oxygen species which can lead to oxidative damage to DNA (6, 16, 18) . Both TCHQ (6, 8, 41) and DCHQ (16) have been shown to cause single-stranded breaks in DNA, predominantly through the formation of reactive oxygen species. Furthermore, benzoquinones are quite electrophilic and can react with a variety of cellular nucleophiles, including glutathione (40) , proteins (28, 39) , and DNA (41) . For example, TCHQ has been shown to bind covalently to both DNA (41) and proteins (39) , presumably after oxidation to tetrachlorobenzoquinone (TCBQ). Finally, the redox cycling caused by repeated oxidation of hydroquinones, followed by reduction by glutathione, can deplete the level of this important intracellular reductant (17) .
Here we describe experiments designed to evaluate the levels of chlorinated hydroquinones accumulated in the cytoplasm during metabolism of PCP and to determine whether these levels are sufficient to cause toxicity to the cells. (27) , and 250 to 300 mg of PCP. Cells were grown at 25°C with shaking. E. coli JM105 was grown at 37°C in the same medium except that PCP was replaced with glucose (0.2%) and thiamine was added (0.005%).
MATERIALS AND METHODS

Materials
Preparation of extracts for enzyme assays. Bacteria were harvested from liquid cultures by centrifugation at 5,900 ϫ g for 20 min at 4°C. The cells were suspended in lysis buffer (50 mM Tris-HCl [pH 8.0], containing 10% [vol/vol] glycerol, 1 mM EDTA, 100 mM NaCl, 0.2% [vol/vol] Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 2 g each of leupeptin, antipain, and pepstatin per ml). Lysozyme was added to a final concentration of 0.5 mg/ml, and the mixture was incubated at 4°C for 1 h with gentle stirring. DNase I was added to a final concentration of 0.1 mg/ml, and the incubation was continued for 2 h more. The extraction mixture was then centrifuged at 17,000 ϫ g for 20 min at 4°C to remove cellular debris and dialyzed to remove Triton X-100.
Enzyme assays. PCP monooxygenase activity was measured by monitoring the conversion of [U- 14 14 C]PCP, 1 mM NADPH, 1 mM ascorbate (to protect TCHQ from oxidation), 1 mM MgCl 2 , 2 mM dithiothreitol, 50 g of bovine serum albumin per ml, and crude extract of S. chlorophenolica RA-2 cells (60% of the final volume). At intervals, aliquots of the reaction mixture were taken. PCP and TCHQ were separated by thin-layer chromatography using toluene saturated with acetic acid and water as the mobile phase. Spots corresponding to PCP and TCHQ were cut out, and the amount of radioactivity present was determined by scintillation counting.
TCHQ dehalogenase activity was measured by monitoring the disappearance of TCHQ. Reaction mixtures included 100 M TCHQ, 1 mM glutathione, 5 mM ascorbate (to protect hydroquinone substrates and products from oxidation), 1 mM EDTA, and crude extract of S. chlorophenolica RA-2 cells (10% of final volume) in 25 mM potassium phosphate buffer, pH 7.2. At intervals, aliquots were taken, acidified with HCl, and analyzed by reverse-phase high-pressure liquid chromatography on a Rainin Microsorb C 18 column (4.6-mm inside diameter [i.d.] by 5 cm) using 25% acetonitrile in 0.1% acetic acid as the mobile phase.
Gas chromatography-mass spectrometry (GC-MS) analysis of products of enzymatic reactions. Reaction mixtures from assays of either PCP monooxygenase or TCHQ dehalogenase were acidified by the addition of 0.1 volume of 6 N HCl and extracted three times with equal volumes of ether. The ether extract was dried with anhydrous magnesium sulfate, and the ether was removed with a stream of nitrogen. The extracted compounds were methylated by treatment with ethereal diazomethane prior to analysis by GC-MS with a Hewlett-Packard 5988A GC-mass spectrometer.
Extraction of total cellular metabolites of [U-14 C]PCP. Six liters of cell cultures was harvested, yielding 610 mg of cells. (The yield of cells is low because 67% of the mass of PCP is due to chlorine, so the supply of carbon for cell growth is small.) The cells were resuspended in 20 ml of growth medium containing [U-
14 C]PCP (250 mg/liter, 0.94 mM; specific radioactivity ϭ 9.05 ϫ 10 5 dpm/ mol). After 1 h of incubation at 25°C, the cells were harvested by centrifugation at 8,300 ϫ g at 4°C for 15 min. (At this point, the medium contained 1.8 ϫ 10 5 cpm/ml, and the cell pellet contained 5.3 ϫ 10 5 cpm/ml. Thus, the presence of a small amount of extracellular medium in the cell pellet would not significantly alter the amounts of metabolites detected. This is particularly true for the chlorinated hydroquinones, which would be prone to oxidation and would therefore be present at extremely low concentrations in the extracellular medium.) The cell pellet was resuspended in 1.5 ml of 0.1 N HCl and extracted multiple times with chloroform. The insoluble layer at the interface of the aqueous and chloroform layers was collected and also extracted multiple times with chloroform. The chloroform layers were pooled and evaporated to dryness. The residue was dissolved in 0.2 ml of ethanol, and a portion was analyzed by reverse-phase high-pressure liquid chromatography on a Rainin Microsorb C 18 column (4.6-mm i.d. by 25 cm) using a gradient of acetonitrile in 0.1% acetic acid. Fractions were collected, and radioactivity was determined by scintillation counting.
Measurement of octanol-buffer partition coefficients. Radiolabelled compounds (PCP, TCHQ, and DCHQ) were added to tubes containing equal volumes of octanol and 20 mM sodium phosphate (pH 7.2). After vigorous vortexing, the organic and aqueous phases were separated by centrifugation. Aliquots of each phase were taken, and the concentration of the test compound was determined by scintillation counting. Octanol-buffer partition coefficients were determined from the ratio of the concentrations of each compound in the octanol and aqueous phases.
Assessment of toxicity of TCHQ to E. coli. E. coli JM105 was used to assess the toxicity of TCHQ to gram-negative bacteria. In order to ensure that the cells were fully exposed to the test compounds, aliquots of cells were exposed to EDTA (30 nmol per 10 9 cells) in 120 mM Tris-HCl buffer (pH 8.0) for 2 min at 37°C in order to remove the outer membrane (19) . The EDTA treatment was stopped by addition of a 10-fold excess of MgSO 4 . The cells were harvested by centrifugation and resuspended in minimal medium. Tests of the toxicity of TCHQ and TCBQ were conducted by exposing the cells to the test compounds at various concentrations for approximately one doubling time and then spreading diluted aliquots onto plates containing glucose for assessment of cell viability. (Five plates were used for each concentration tested.) In some cases, ascorbate, catalase, and superoxide dismutase were added to final concentrations of 0.1%, 1.6 U/ml, and 4.4 U/ml, respectively.
RESULTS
Identification of PCP monooxygenase and TCHQ dehalogenase activities in crude extracts. Crude extracts from S. chlorophenolica RA-2 contain an enzyme that converts PCP to TCHQ in the presence of NADPH (data not shown). The identity of the product was confirmed by extracting the reaction mixture with ether, treating the extracted compounds with ethereal diazomethane, and analyzing the composition of the mixture by GC-MS. Peaks due to 1,2,4,5-tetrachloro-3,6-dimethoxybenzene (formed by methylation of TCHQ; molecular ion at m/z ϭ 274) and to pentachloroanisole (formed by methylation of residual PCP; molecular ion at m/z ϭ 278) were found (data not shown).
Partially purified extracts from S. chlorophenolica RA-2 catalyzed the disappearance of TCHQ in a reaction requiring glutathione (data not shown). The products of this reaction were TriCHQ and an unidentified isomer of DCHQ. The identities of the products were confirmed by GC-MS as described above. Peaks due to 1,3,4-trichloro-2,5-dimethoxybenzene (formed by methylation of TriCHQ; molecular ion at m/z ϭ 240) and dichloro-1,4-dimethoxybenzene (formed by methylation of an unknown isomer of DCHQ; molecular ion at m/z ϭ 206) were found (data not shown). Although the existence of glutathione in S. chlorophenolica has not been addressed, we expect that glutathione is the physiological thiol substrate for this enzyme because high levels of glutathione are found in various gram-negative bacteria such as Flavobacterium sp. strain 12.154 (24) , E. coli, and Pseudomonas fluorescens (23) and because the enzyme from a related strain (S. chlorophenolica ATCC 39723) shows some striking resemblances to proteins in the glutathione S-transferase superfamily (20, 21, 26) .
Quantitation of metabolites of PCP in cellular extracts. S. chlorophenolica cells from an actively metabolizing culture were harvested and resuspended in medium containing [U- 14 C]PCP at a final concentration of 0.94 mM. The cells were harvested after 70 min when the PCP level had fallen to 0.67 mM. The cell pellet was resuspended in 0.1 N HCl and extracted extensively with chloroform. The pooled chloroform layers were evaporated to dryness, and the residue was redissolved in eth- anol. A portion of this solution was analyzed by reverse-phase chromatography (Fig. 3) . The chromatogram showed a large peak of radioactivity corresponding to PCP and much smaller peaks of radioactivity corresponding to TCHQ, TriCHQ, DCHQ, and two unidentified metabolites. Concentrations of these metabolites in the cell pellet were determined by using the known specific radioactivity of the [U-
14 C]PCP (9.05 dpm/ mol) and the measured volume of the cell pellet ( Table 1) .
Quantitation of the identified metabolites of PCP leads to a striking conclusion. The concentrations of the various chlorinated hydroquinone metabolites in the cell pellet are quite low ( Table 1 ). The concentration of these metabolites in the cytoplasm will be even lower, since chlorinated hydroquinones are hydrophobic and tend to partition into the lipid bilayer. While the exact concentrations in the cytoplasm cannot be determined accurately, the average cellular concentration can be roughly partitioned into contributions from the membranes and the cytoplasm by using (i) the octanol-buffer partition coefficients for each compound as estimates for the corresponding membrane-cytoplasm partition coefficients, (ii) the estimate that the lipid bilayers of the inner and outer membranes occupy about 10% of the cellular volume (based upon electron micrographs of S. chlorophenolica RA-2 cells [29] and the known dimensions of phospholipid bilayers [4] ), and (iii) the assumption that the membrane and cytoplasmic compartments are at equilibrium.
Approximate cytoplasmic concentrations (concn) of metabolites were determined by using the following relationships:
In equation 1, K mc is the membrane-cytoplasm partition coefficient for the metabolite of interest, which was approximated by the octanol-buffer partition coefficient (K ob ), and C m and C c are the concentrations of metabolite in the membrane and cytoplasm, respectively. The octanol-buffer partition coefficients measured at pH 7.2 for PCP, TCHQ, and DCHQ were 377, 38, and 75, respectively. The octanol-buffer partition coefficient for TriCHQ was assumed to be midway between those of TCHQ and DCHQ. Equation 2 expresses the average concentration of the metabolite in the cell pellet (C cp ) as a weighted average of its concentrations in the cytoplasm and the membrane. (For this purpose, the periplasm and the cytoplasm are considered together.) V m and V c refer to the membrane and cytoplasmic fractional volumes, respectively. Equations 1 and 2 contain only two unknowns and can be readily solved to give the concentrations of the metabolite in the membrane and in the cytoplasm. Estimates for the cytoplasmic concentrations calculated with equations 1 and 2 are given in Table 1 . Note that because of uncertainties in parameters such as the intracellular pH and the actual volume of cells in the cell pellet, and the necessary assumption that the cytoplasmic and membrane compartments are in equilibrium, these calculations of cytoplasmic concentrations of metabolites are only estimates.
Toxicity of TCHQ to E. coli JM105. In order to measure the toxicity of TCHQ, we used a strain of E. coli that is unable to degrade TCHQ. The outer membrane, which provides a permeability barrier to uptake of toxic compounds, was removed by treatment of the cells with EDTA in 120 mM Tris-HCl (pH 8.0) at 37°C for 2 min (19) . The cells were then harvested by centrifugation and resuspended in minimal medium. The toxicity of TCHQ was investigated by exposing cells to TCHQ at varying concentrations in minimal medium at 37°C for approximately one doubling time. (The control cells were treated with EDTA as described above, but were not exposed to TCHQ.) In a Since the assumption that the membrane and cytoplasmic compartments are in equilibrium is not likely to be valid for PCP, only a range of possible values can be determined.
b The octanol-buffer partition coefficient for TriCHQ is assumed to be between those of TCHQ and DCHQ. some cases, ascorbate, catalase, and superoxide dismutase were also added. Aliquots were then spread on agar plates containing glucose to assess cell survival. The toxicity of TCBQ was also assessed in this manner. The results (Fig. 4) show that treatment with as little as 1 M TCHQ causes significant toxicity. However, inclusion of ascorbate in the medium obviates this toxicity, and significant toxic effects are not seen until the concentration of TCHQ reaches 500 M. Notably, TCBQ (the oxidation product of TCHQ) is quite toxic at even 0.5 M.
DISCUSSION
The identification of PCP monooxygenase and TCHQ dehalogenase activities in crude extracts of S. chlorophenolica RA-2 suggests that the pathway for degradation of PCP in this microorganism (Fig. 1) is identical to that previously found in S. chlorophenolica ATCC 39723 (42, 43) . The isomer of DCHQ formed by the S. chlorophenolica RA-2 TCHQ dehalogenase was not determined. However, recent studies of the ATCC 39723 TCHQ dehalogenase have shown that the enzyme produces 94% 2,6-DCHQ and 6% 2,3-DCHQ (3). Since the gene sequences of the enzymes from RA-2 and ATCC 39723 are nearly identical (7), the distribution of isomers produced is certain to be identical.
Quantitation of the identified metabolites of PCP leads to a striking conclusion. The concentration of the various chlorinated hydroquinone metabolites in the cells is very low ( Table  1 ). The concentration of these metabolites in the cytoplasm will be even lower, since chlorinated hydroquinones are hydrophobic and tend to partition into the lipid bilayer. While the exact concentrations in the cytoplasm cannot be determined accurately, the average cellular concentration can be roughly partitioned into contributions from the inner and outer membranes and the cytoplasm as described in the previous section. Estimates for the cytoplasmic concentrations are given in Table 1. These results must be evaluated in the context of data on the toxicity of these compounds in order to determine whether simply maintaining these low levels of chlorinated hydroquinones is sufficient to protect the cells from toxicity.
In order to determine whether the levels of TCHQ found in S. chlorophenolica RA-2 cells are likely to have significant toxic effects, we have examined the toxicity of TCHQ to E. coli JM105. Since this microorganism cannot degrade TCHQ, complications resulting from the removal of the test compound by metabolism can be avoided. Furthermore, methods for removal of the outer membrane from E. coli cells are well established (19) . (The outer membrane of gram-negative bacteria acts as a permeability barrier that protects the cells against toxic compounds.) Thus, we were able to ensure that the E. coli cells were exposed to cytoplasmic levels of TCHQ comparable to those observed in S. chlorophenolica cells growing on PCP.
E. coli cells whose outer membrane had been removed by treatment with EDTA were exposed to various concentrations of TCHQ for 2 h. The time required for repair of the outer membrane is generally two-thirds of the doubling time (19) , which in this case (doubling time ϭ 1 1/4 h) corresponds to 50 min. In the presence of TCHQ, the repair time will probably be longer, since uncouplers of oxidative phosphorylation have been shown to impede repair and TCHQ is structurally similar to PCP, a known uncoupler. Thus, under these conditions, the cells should have been exposed to TCHQ for a time at least equivalent to one generation time and possibly longer. Following exposure, the cells were diluted and spread on plates containing glucose to allow an assessment of cell viability.
The results shown in Fig. 4 demonstrate that exposure of EDTA-treated E. coli cells to TCHQ causes significant toxicity at levels as low as 1 M. However, this toxicity is due to an oxidation product of TCHQ, rather than to TCHQ itself. Oxidation of TCHQ produces TCBQ and superoxide. Superoxide dismutates in solution to hydrogen peroxide and O 2 . In the presence of transition metal ions, hydrogen peroxide can be cleaved to hydroxyl radicals. TCBQ and any or all of the reactive oxygen species produced could contribute to the toxic effect. TCBQ is clearly a major culprit, since treatment of the cells with TCBQ causes major toxicity at even 0.5 M, and addition of ascorbate (which reduces semiquinones and benzoquinones back to hydroquinones) to the reaction mixture causes a dramatic diminution of the toxicity. Under these conditions, the cells can tolerate up to 250 M TCHQ without significant adverse effects. Furthermore, superoxide dismutase and catalase did not provide any additional protection over ascorbate alone (data not shown), suggesting that reactive oxygen species were not an important cause of the toxic effects. These results show that TCHQ is not highly toxic if it can be maintained in its reduced form. The cytoplasm of E. coli is a reducing environment (the intracellular redox potential is Ϫ0.28 to Ϫ0.42 V with respect to the Ag/AgCl electrode, and therefore Ϫ0.08 to Ϫ0.22 V with respect to the normal hydrogen electrode (NHE), as measured by the equilibrium between intracellular reduced and oxidized flavodoxin [35] , while the redox potential of an aqueous solution [pH 7.0] equilibrated with air is ϩ0.81 V with respect to NHE [13] ). The Nernst equation can be used to approximate the concentration of TCBQ that would exist at equilibrium in a reducing environment with a redox potential of Ϫ0.10 V. For the two-electron reduction shown in equation 3, the Nernst equation is as shown in equation 4.
This equation must be modified as shown in equation 5 to take into account the significant ionization of TCHQ at physiological pH. (The pK a for TCHQ is 7.8 [20] .)
To use equation 5, we must know E 0 for the TCBQ-TCHQ couple. It would be difficult to measure a value of E 0 for this redox couple because of the extremely low solubility of TCBQ in aqueous solutions. However, a value of 0.6 V can be estimated from the value of 0.7 V reported for alcoholic solutions containing 0.5% HCl (2) by taking into account the difference in proton concentration. When E ϭ Ϫ0.10 V and E 0 ϭ 0.6 V, then (TCHQ Ϫ )/(TCBQ) is equal to 5 ϫ 10 8 . Since (TCHQ Ϫ ) represents 20% of the total tetrachlorohydroquinone species (from the Henderson-Hasselbach equation), the concentration of TCBQ in the cytoplasm would be expected to be approximately 1 fM. The total cellular concentration would be higher, since TCBQ is very hydrophobic and should exist predominantly in the membranes, but would probably still be less than 1 pM. Such concentrations are below our limit of detection, and in fact, we do not observe TCBQ in cellular extracts. (TCBQ elutes after TCHQ under the conditions shown in Fig.  3 .)
Our data are consistent with previous in vitro experiments described by Witte et al. (41) and Juhl et al. (16) , who have shown that induction of single-strand breaks in DNA by TCHQ (41) and DCHQ (16) is just detectable at concentrations of 5 M. However, single-strand breaks caused by much higher levels of DCHQ (30 M) can be prevented by inclusion of catalase (50 g/ml) in the reaction mixture (16) . Thus, it is likely that the normal cellular mechanisms that protect against oxidative damage in S. chlorophenolica cells can prevent damage to DNA from the low levels of chlorinated hydroquinone metabolites.
An additional interesting finding is that the concentration of PCP in the cells is approximately 4.6 mM. This level is several times that in the medium at the time the cells were harvested (0.67 mM) but not as high as the maximal level expected if the cells were in equilibrium with the medium. Assuming that the octanol-buffer partition coefficient accurately reflects the partitioning of PCP between the lipid bilayers and the aqueous medium and cytoplasm and that the lipid bilayers of the outer and inner membrane occupy approximately 10% of the cell volume, the total concentration of PCP in the cells should be about 25 mM if PCP were completely equilibrated between the medium, lipid bilayers, and cytoplasm. Since the total concentration is significantly lower than this level, the first enzyme in the metabolic pathway, PCP monooxygenase, must be doing an effective job of converting PCP into the next metabolite (TCHQ), thus preventing the accumulation of PCP to equilibrium levels.
The cytoplasmic concentration of PCP cannot be estimated by using the assumptions used to calculate the cytoplasmic concentrations of the chlorinated hydroquinone intermediates. The cytoplasmic and membrane compartments are unlikely to be at equilibrium, since the net flux of PCP is into the cell from the medium. However, bounds on the possible concentrations can be established. At one extreme, if PCP monooxygenase were extremely efficient, all of the PCP might be found in the membrane, with only very low levels in the cytoplasm. At the other extreme, if conversion of PCP to TCHQ by PCP monooxygenase were very slow, PCP would equilibrate between the membrane and the cytoplasm. Under these circumstances, the concentration of PCP in the cytoplasm would be about 120 M. Thus, PCP monooxygenase is able to maintain cytoplasmic PCP levels that are at least severalfold (and perhaps more) below those in the medium, despite the necessity of admitting this toxic molecule into the cell and the unavoidable consequence that significant levels accumulate in the membrane. The strategies used by S. chlorophenolica for overcoming the toxic effects of PCP are currently under investigation.
Conclusions. The development of novel pathways for the catabolism of toxic xenobiotics imposes serious difficulties upon bacteria in terms of avoiding and/or mitigating the toxic effects of the xenobiotic and its metabolites. The optimal solution to this problem is to keep the levels of all toxic intermediates very low. This requires that the levels and activities of the metabolic enzymes in the pathway be carefully orchestrated. The rate of each step in the pathway, which is dependent on the k cat of the enzyme, the concentration of the enzyme, and the concentration of the substrate, must be equal to or greater than that of the preceding step in order to avoid the accumulation of intermediates. This ideal situation may not be achieved early in the evolution of a new catabolic pathway. However, the microorganism may still be able to survive if it is able to protect itself from the toxic effects of the new metabolites. In the case considered here, the toxic effects are due to the products of oxidation of chlorinated hydroquinones. Cells have a multitude of defenses against the types of oxidative damage that can be caused by superoxide, hydrogen peroxide, hydroxyl radicals, and chlorinated benzoquinones. These include enzymes such as catalase, superoxide dismutase, diaphorase, glutathione reductase, and glutathione peroxidase and intracellular reductants such as glutathione. These protective capabilities may be crucial in the early stages of development of a new catabolic pathway. Ultimately, they may become less important as the relative activities of the metabolic enzymes are adjusted to maintain low levels of toxic intermediates.
The ability of S. chlorophenolica to degrade PCP is probably a relatively recent development. PCP has been used as a pes-ticide for only about 50 years, and it is unlikely that such highly chlorinated aromatic compounds are present in the natural environment. Some aspects of the enzymology of PCP degradation are also consistent with this interpretation. In S. chlorophenolica ATCC 39723 (which is closely related to S. chlorophenolica RA-2), the first enzyme in the pathway is a monooxygenase which can convert PCP to TCHQ but is much more effective with a variety of other substrates (44) . The second enzyme in the pathway (TCHQ dehalogenase) is expressed constitutively (26) , suggesting either that it has some other essential function in the cell and has been recruited to serve as a dehalogenase or that a mechanism for its regulation has not yet evolved. However, despite the evidence suggesting that these first two enzymes are not yet ideally suited for their functions in the degradation of PCP, the pathway for degradation in this microorganism has reached a level of sophistication in which the rates of the initial catabolic steps are appropriately controlled so as to maintain low levels of chlorinated hydroquinone intermediates and thus to avoid oxidative damage to the cell.
